Field-grown l~nus densiflora seedlings were inoculated with Bursaphelenchus xylophilus and the incidence of pine wilt disease was analyzed with respect to the spatial relationships between pine seedlings and adjacent seedlings of other tree species in a pure pine stand and three stands mixed with Alnus sieboldiana, Sarotharnus scoparius or naturally associated species. The disease incidence was 60.9% in a 040 cm distance class from the nearest A. sieboldiana seedlings and then decreased with increasing minimum distance. The mean minimum distance between pine seedlings and A. sieboldiana was significantly shorter in diseased seedlings than in healthy ones. The highest disease incidence (53.9%) was found in a 0-40 cm distance class from the nearest S. scoparius, although the relationship with minimum distance was blurred by a high incidence in the 80-cm distance class. The mean minimum distance between pine seedlings was significantly short in diseased seedlings in a pure stand, whereas it was not so short between pine seedlings and other tree species in the two stands mixed with S. scoparius and the naturally associated species. The distance effect on disease incidence was noticeable in A. sieboldiana and P. densiflora at high density. This was not so clear in S. scoparius and was not found in the naturally associated species.
INTRODUCTION
Pine wilt disease has heavily damaged Pinus densiflora Sieb. et Zucc. and Pinus thunbergii Parl. forests in Japan. The disease is caused by the pine wood nematode, Bursaphelenchus xylophilus (Steiner et Buhrer) NicHe (Kiyohara & Tokushige 1971) , and primarily vectored by a cerambycid, Monochamus ahernatus Hope (Mamiya & Enda 1972; Morimoto & Iwasaki 1972) . The degree of susceptibility or resistance of a pine stand to the disease sometimes varies between stands even when they are located close together. The difference in understory growth or the successional stage in the pine stand has been *Present address: Kyushu Research Centre, Forestry and Forest Products Research Institute, Kumamoto 860, Japan. ~Present address: Osaka University of Commerce, Higashi-Osaka, Osaka 577, Japan.
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considered one of the plausible causes (Shidei 1974; Fujihara et al. 1992) , but has scarcely been investigated analytically.
In our previous paper (Nakamura et al. 1995) , the inoculation test of B. xylaphilus on P. densiflara seedlings showed that the seedlings became more susceptible to pine wilt disease in stands mixed with some tree species such as the Japanese green alder (Alnus sieboldiana Matsum.) and Scotch broom (Sarothamus scoparius (L.) Wimm. et Koch.). There were two likely processes for this greater susceptibility. One was competition for water, nutrients and/or sunlight between pine seedlings and other tree species. The other was a deleterious effect of allelochemicals emitted by other tree species on the physiological status of pine seedlings directly or via symbiotic mycorrhizae.
The incidence of pine wilt disease can rise in pine trees under stressed conditions, such as soil desiccation (Suzuki & Kiyohara 1978) , low light intensity (Kaneko 1989) , air borne sulfur dioxide pollution (Tanaka 1975) , artificial acid rain (Bolla & Fitzsim-mons 1988) or acid mist (Futai & Harashima 1990 ). This suggests that we can evaluate the degree of stress on a pine tree by examining its response to the disease. If the adjacent trees of other species cause stress to pine trees through exploitation and/or interference, we can assume that pine trees are more stressed when they are closer to such trees. Nearest-neighbor distances are thought to provide an objective means for analyzing ecological interactions that occur on a relatively small scale (Diggle 1983) . In this study, to elucidate the effect of cooccurring tree species on the incidence of pine wilt disease, we determined the minimum distances between pine seedlings, and between pine seedlings and adjacent seedlings of other tree species in the four stands previously reported (Nakamura et al. 1995) . The results were compared with those obtained from simulated random distribution of seedlings.
METHODS
Four study stands were the same as in the previous study (Nakamura et al. 1995) and located on the Saijo Campus of Hiroshima University, HigashiHiroshima City, Hiroshima Prefecture. The four stands containing P. densiflora seedlings had different vegetation compositions. The characteristics of the study stands are shown in Table 1 . In one stand, P. densiflora seedlings were growing exclusively after the removal of the topsoil. In another stand, pine seedlings were growing with tree species associated naturally with P. densiflora such as Eurya japonica Thunb. and Ilex pedunculosa Miq., although the stand was under almost the same conditions as the former stand. The other two stands were on artificial slopes. It was assumed that A. sieboldiana or S. scoparius had been sown just after the construction of the slopes and were followed by P. densiflora colonization. As a result, P. densiflora seedlings were co-occurring with A. sieboldiana or S. scoparius in each of the stands. The seedling heights and densities of other tree species are given in Table 1 . The seedlings of pine and other tree species constituted bushes. In all four stands, there were no tiny pine seedlings. In each stand, 45 to 50 P. densiflora seedlings were selected at random and were inoculated with 2.0 • 103 of B. xylophilus suspended in water on 6 July 1991 (Table 1) . Each of the inoculated seedlings was examined for foliage discoloration and oleoresin exudation from the artificial wound on 2-to 3-year-old stems at 1-or 2-week intervals for 16 weeks after inoculation. The symptoms of pine wilt disease are the cessation of oleoresin exudation capability in the early stage and a complete discoloration or chlorosis of the foliage in the final stage (Mamiya 1983) . In this paper, a pine seedling that showed the cessation of oleoresin flow from an artificial wound and initiated needle discoloration 16 weeks after inoculation was designated as 'diseased'. Since no feeding marks of M. alternatus were found on nematode-inoculated pine seedlings, it was assumed that no natural infection of nematodes had occurred. This ensured that the incidence of disease was caused by the inoculated nematodes. The nematodes were recovered from pine seedlings that had been killed by nematode inoculation. The study stands and inoculation experiment are detailed in a previous paper (Nakamura et al. 1995) .
Horizontal maps of the Seedlings of both P. densiflora and other tree species were made for the four stands in November 1991. To analyze the influence of the conspecific and other species on the susceptibility of pine seedlings to pine wilt disease, the horizontal distances from each nematode-inoculated pine seedling to the most adjacent pine seedling and to the most adjacent seedling of dominant nonpine species were determined. In stands where A. siebaldiana or S. scaparius was co-dominant with P. densiflara, seedlings of rare tree species were ignored in the measurement of distance. There were no dominant tree species except for P. densiflora in the stand mixed with naturally associated tree species. Thus, the distances between the nematode-inoculated P. densiflora seedlings and the nearest seedling other than P. densiflora were determined. In the pure stand of P. densiflora, there was one Vaccinium oldhami Miq. seedling which was almost as high as the pine seedlings, but it was not the nearest seedling to any nematode-inoculated pine seedling. Therefore, only the distances between the nematode-inoculated pine seedlings and the nearest pine seedlings were determined.
The distance between the nearest individuals might reflect their interaction. Thus, we compared the frequency distributions of minimum distance between the actual and hypothetical stands, where the individual seedlings were randomly distributed in the stand. Each of the four hypothetical stands
was a length wise rectangle that had the average width of the corresponding actual stand, keeping the area unchanged. Pine and other seedlings were positioned randomly in the hypothetical stand by computer. The numbers of pine and other seedlings were the same between the hypothetical and actual stands. The distance from each pine seedling to the nearest one and that to the nearest non-pine seedling were determined in the three hypothetical, mixed stands by the same method as that used in the actual stands. Only the distance between pine seedlings was determined in the hypothetical, pure pine stand. The measured distances were classified in units of 10 cm and the relative frequency for each distance class was calculated. For each stand, this procedure was repeated 1000 times and the mean relative frequency was obtained for each distance class. To compare the frequency distributions of the minimum distance between the actual and hypothetical stands, the mean relative frequencies were multiplied by the number of nematode-inoculated seedlings in the corresponding stand.
To clarify the distance effect of other tree species on the disease incidence in nematode-inoculated seedlings, healthy and diseased seedlings at the end of the experiment were classified according to the distance to the nearest neighboring non-pine seedling. All of the inoculated pine seedlings were present within 40 cm of the nearest pine seedling in the pure stand. To compare the disease incidence at each distance dass of each of the three mixed stands with that in the pure stand, the pine seedlings in the three stands were classified in distance units of 40 cm distance and then Fisher's exact probabilities were calculated.
Stands where the pine seedlings were growing with either A. sieboldiana or with S. scoparius were on the artificial slopes. If some chemicals emanating from the deciduous species have a large effect on susceptibility, the effect may be largest on the nearest pine seedlings growing on the lower part of the slope. Thus, we assumed that a seedling of A. sieboldiana and S. scoparius had a deleterious effect on pine seedlings within a sector area, which had its vertex at the base of the seedling. The sector was assumed to have a radius of 1 m and an angle of 90 ~ . Using this assumed deleterious area, the nematode-inoculated seedlings were categorized into two groups. One group of seedlings grew in one or more assumed deleterious areas while the other group grew outside these areas. Then, the incidence of pine wilt disease of the seedlings was compared between the two groups in each of the four stands.
RESULTS

Spatial distribution pattern of diseased Pinus densiflora seedlings
The locations of the individual seedlings in the four stands are shown in Fig. 1 . The number of pine seedlings becoming diseased by the nematode inoculation was larger in the stands where pine seedlings grew with A. sieboldiana or with S. scoparius, and smaller in the stands where they grew with the naturally associated tree species or in the pure stand, as described in a previous paper (Nakamura et al. 1995) . In the stand with A. sieboldiana and the pure pine stand, the diseased pine seedlings were distributed evenly. In the stand with S. scoparius, diseased seedlings appeared to be concentrated in the southern part of the stand. The density of pine seedlings was higher (3.1/m 2) in the southern part than in the northern part (0.7/m2), while there was only a slight difference in the density of S. scoparius (0.7-0.9/m2). In the stand with naturally associated species, the diseased seedlings were limited to the eastern part neighboring a tall forest of P. densiflora. In the forest adjacent to the eastern part of the stand, some of the co-occurring seedlings reached 8-10 m in height indicating that pine seedlings were possibly in unfavorable conditions, at least with respect to sunlight. In the stand, however, the incidence of pine wilt disease in the nematode-inoculated seedlings seemed to be unchanged irrespective of the tree species which grew near them. Figure 2 shows the frequency distribution of the distances between the nematode-inoculated seedlings and their nearest neighbors in the actual stands and the frequency distribution of the distances of nearest conspecific neighbors in randomly distributed seedlings in the hypothetical stands. In the pure stand, the frequency distribution of the minimum distances in the actual stand at the beginning of the inoculation experiment showed a similar pattern to the random distribution, although the difference . 
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. =_ --i--shows the expected frequency distribution of the distance of nearest neighbors in a stand of randomly distributed pine seedlings. The expected frequency was obtained by 1000 repetitions of simulation.
was significant in the Chi-squared test (P< 0.05).
In each of the three mixed stands, the minimum distances among pine seedlings also showed a similar pattern of frequency distribution to those in the random distribution but their differences were significant (X 2 test, P < 0.05).
Minimum distances between Pinus densiflora
and other tree species other dominant tree species in the actual and hypothetical stands.
In the stand with A. siebaldiana, characteristically the pine seedlings in the 0-10 cm distance class were most numerous before nematode inoculation and all of them became diseased by 16 weeks after inoculation. The frequency in the 10-40 cm distance class was lower in the actual stands than in the stand with the hypothetical random distribution of seedlings. In the stand with S. scoparius, the frequency of minimum distance was very low in the distance class of 20-40 cm and very high in the 40-50 cm class. In the stand with the naturally associated species, the minimum distances showed a humped frequency distribution and the median was larger than expected from the random distribution, although the difference was not significant in the median test (~21 = 1.6071, P< 0.2). In all of the three stands, the differences in the frequency distribution patterns of the nearest neighbor distances between the actual and hypothetical stands were highly significant in the Chi-squared test (P< 0.001).
Relationship between disease incidence in Pinus densiflora and distance to the nearest non-pine seedlings Table 2 shows the distance effect of other tree species on the disease incidence in nematode-inoculated pine seedlings in the mixed stands. In the stand with A. sieboldiana, the disease incidence was 60.9% in the 0-40 cm distance class and declined as the minimum distance increased. The disease incidence in the 0-40 cm distance class was significantly larger in the stand with A. sieboldiana than in the pure stand (17.8%; Fisher's exact test, P< 0.001), whereas the incidence in the two more distant classes showed no significant difference from that in the pure stand. In the stand with S. scoparius, the disease incidence was high in the 0-40 cm and 80-cm distance classes and low in the intermediate distance class. The disease incidence in the 0-40 cm distance class alone was significantly different from that in the pure stand (Fisher's exact test, P< 0.05). In contrast, the disease incidence increased as the distance increased in the stand with the naturally associated species, although it showed no significant difference at any distance class compared with the pure stand.
Some of the nematode-inoculated pine seedlings were healthy while others were diseased at the end of the experiment. There was no significant difference in the mean distance to the nearest pine seedlings between the healthy and diseased seedlings in the stand mixed with A. sieboldiana (Table 3) .
This was also the case in the stand with naturally associated species. In contrast, the mean distance was shorter in the diseased seedlings than in the healthy ones in the stand with S. scoparius and in the pure stand. In the pure stand in particular, the distance was significantly shorter in diseased seedlings (16.4 cm) than in healthy ones (21.6 cm; Mann-Whitney U-test, P< 0.05). aFisher's exact probability to test the uniformity in disease incidence between each distance class of the the pure stand.
bMl of the nematode-inoculated pine seedlings grew within 40 cm of the nearest pine seedling.
three mixed stands and 16.4 • 8.0* ----*, **Significantly different in mean distance to the nearest pine seedlings or to the nearest non-pine species between healthy and diseased seedlings at the 0.05 and 0.005 levels, respectively, with the Mann-Whitney U-test.
As for the distance to the nearest seedling of dominant non-pine tree species, the mean distance was shorter in diseased seedlings than in healthy ones in the stands mixed with A. siebaldiana or with S. scoparius ( Table 3) . The difference was highly significant in the stand with A. sieboldiana (Mann-Whitney U-test, P< 0.005). On the other hand, the mean distance to the nearest seedling of other dominant tree species was greater in the diseased seedlings than in healthy ones in the stand mixed with the naturally associated species.
Relationship of disease incidence of nematodeinoculated pine seedlings to their location on the slope relative to the nearest non-pine species
Table4 shows that 84% and 71% of the pine seedlings were in the one or more assumed deleterious sector areas, in each of which a seedling of A. sieboldiana or S. scoparius was supposed to have a deleterious effect. In both of the stands, the differences in the disease incidences between the two groups of seedlings, inside and outside the supposed deleterious area, were not significant at the 5% level in the Fisher's exact test.
DISCUSSION
The nearest-neighbor method was adopted for testing the randomness of the spatial distribution of ecological events (Clark & Evans 1954; Shimberloff 1979; Diggle 1983) or for the estimation of population density (Morisita 1954; Blackith 1958) . In the former case, the presence or absence of interaction within the events was often a matter of interest and was tested indirectly by making comparisons between the nearest neighbor distances and random expectations (Pielou 1960; Walof & Blackith 1962; Ono 1965; White et al. 1979; Campbell 1995) . Mac and Harper (1977) pointed out the importance of the effect of neighbors in competition in plant populations. They explained 69% of variance in ~A seedling of Alnus sieboldiana and Sarothamus scorparius were assumed to have a quadrant area with a 1 m radius spreading down the slope, in which the deleterious effect to pine seedlings could be shown. Pine seedlings were classified into two groups: inside or outside of the sector(s).
bFisher's exact probability to test the uniformity in disease incidence between pine seedlings inside and outside an assumed deleterious area.
individual plant weight and fecundity with a combination of distance, weight and angular dispersion of close neighbors in the diffusive competition of four dune annuals. Although the weight and fecundity of a plant must reflect the stress caused by competition with other plants, the traits do not directly indicate the physiological status of the plants. On the other hand, stresses on the host plant are known to be related closely to the susceptibility or resistance to insect pests and pathogens (Schoeneweiss 1975; Parry 1982; Ayres 1984) . In this study, therefore, we used the disease incidence as an index of the physiological status of the pine seedlings. The relationships between disease incidence and nearestneighbor distance could elucidate any deleterious effects of A. sieboldiana and S. scoparius trees on the pine seedlings.
In the previous paper, we noted the greater susceptibility to pine wilt disease of P. densiflora seedlings growing with A. sieboldiana or S. scoparius (Nakamura et al. 1995) . We also suggested that the physiological stress in pine seedlings caused by the two tree species, implied by the lack of oleoresin flow capability, could be responsible for the greater degree of susceptibility. In the present study, we have shown that the incidence of pine wilt disease in nematode-inoculated seedlings became significantly higher when they were closer to the nearest A. siebaldiana or S. scoparius seedling (Table 2 ). This strongly supports the inference in the previous study. To the contrary, the incidence of disease tended to be high as the distance to the nearest nonpine seedling increased in the stand mixed with naturally associated species (Table 2) . Few diseased P. densiflora seedlings were found in the stand and the disease incidence did not seem to have been affected by the distance from the seedlings of naturally associated tree species.
In the stand mixed with A. sieboldiana, pine seedlings were found more frequently near A.
sieboldiana trees in the actual stand than in the hypothetical stand where all trees were randomly distributed (Fig. 3) . In the stand mixed with S.
scoparius, the occurrence of pine seedlings was relatively high in the 0-10 cm distance class to S. scoparius seedlings, although the peak was in the 40-50 cm distance class (Fig. 3) . This high density of pine seedlings near A. sieboldiana or S. scoparius seedlings seems to have resulted from the colonization process of the seeds of P. densiflora on the slope. The two stands were on the artificial slopes.
Seeds of A. sieboldiana and S. scaparius were sowed naturally or artificially along with soil just after construction of the slope, and then P. demiflara seeds must have been distributed naturally. Because of the inclination of the slope, the pine seeds arriving at those stands were likely to have been washed out from the soil surface by rainfall and would have been easily established near the base of already established seedlings. As a result, pine seedlings would show a high frequency in the 0-10 cm distance class in the two stands. This suggests that both A. siebaldiana and S. scoparius have no inhibitory effects on the germination or colonization of pine seedlings consequentially. The slope was steeper in the stand with A. sieboldiana (Table   1 ) and this may be reflected on its more distinct pattern of frequency distribution (Fig. 3) .
When P. densiflora seedlings were inoculated with B. xylophilus after several years of co-existence with other tree species, the pine seedlings showed a high incidence of the disease. Moreover, the percentage of diseased seedlings was higher in the seedlings grown near the seedlings of A. sieboldiana and S. scoparius (Table 2) . Consequently, we can state that A. sieboldiana and S. scaparius have no inhibitory effect on the germination or colonization of P.
densiflora, but do increase the susceptibility to pine wilt disease. On the other hand, more diseased seedlings were found at sites where their density was relatively high in the stand with S. scoparius (Fig. 1) .
Even in the pure pine stand, the mean of the minimum distances between the pine seedlings was significantly shorter in the diseased seedlings than in the healthy ones (Table 3 ). This suggests that not only different species but also P. densiflara itself affects the susceptibility of pine seedlings to the disease when they are grown in extremely high density.
The uneven spatial distribution of the plants of different species under natural conditions has attracted the attention of researchers and allelopathy was presumed as one of the agents (Lee & Monshi 1963; Brown 1967) . Brown (1967) demonstrated that the germination of P. banksiana Lamb. was restricted by the water extracts of plants of nine cooccurring species. Norby and Kozlowski (1980), using six herbaceous species growing in a P. resinosa Ait. plantation, showed that the water extracts of these plants had inhibitory effects on the growth of newly germinated P. resinosa plants, while they did not affect the germination itself. Our results may suggest that the allelopathic effect has some influence on the spatial distribution of the plants in more developed stages with the aid of the disease. In our experiment, however, the cause of the deleterious effects against pine seedlings was unknown because of the differences in the topographical factors such as exposure and slope inclination among the four stands, and because of the different light and water conditions for each pine seedling in each stand. More experimentally designed studies are required to elucidate the effect of adjacent trees of other species on the susceptibility of pine trees to pine wilt disease.
